31 P), which is essential for life, is thought to be synthesized in massive stars and dispersed into interstellar space when these stars explode as supernovae (SNe). Here we report on near-infrared spectroscopic observations of the young SN remnant Cassiopeia A, which show that the abundance ratio of phosphorus to the major nucleosynthetic product iron ( 56 Fe) in SN material is up to 100 times the average ratio of the Milky Way, confirming that phosphorus is produced in SNe. The observed range is compatible with predictions from SN nucleosynthetic models but not with the scenario in which the chemical elements in the inner SN layers are completely mixed by hydrodynamic instabilities during the explosion.
Their properties match those of "quasi-stationary flocculi", the material lost from the hydrogen envelope of the progenitor during its red-supergiant phase as slow wind (13, 14) . Fe are comparable (10.49 and 7.90 eV) greatly simplifies the abundance analysis (15) . (This is not the case for [S II] lines that have considerably higher excitation energies.) We assume that the line-emitting region is at T e = 10, 000 K and has an uniform density, with equal fractions of singly ionized ions. This simple model yields P/Fe abundances accurate to within ∼ 30% mostly for both SN and circumstellar knots (12 3) imply that the P-to-Fe abundance ratio by number, X(P/Fe), of the SN ejecta knots is up to 100 times higher than the cosmic abundance X ⊙ (P/Fe) = 8.1 × 10 −3 (1) , whereas the knots of the circumstellar medium have ratios close to the cosmic abundance. The enhanced P abundance over Fe in these SN ejecta knots is direct evidence for the in situ production of P in Cas A.
The observed range of X(P/Fe) is compatible with the local nucleosynthetic yield of P in SN models. The internal chemical composition and the resulting X(P/Fe) profile of a spher-ically symmetric SN model for progenitor mass of 15 M ⊙ is shown in Fig. 4 (16) . In the oxygen-rich layer, P is enhanced, whereas Fe is slightly depleted because of neutron capture.
( 56 Fe and 58 Fe are the two major Fe isotopes in the oxygen-rich layer.) This makes X(P/Fe)
higher by two orders of magnitude than that of the outer He-rich layer, which is essentially equal to the cosmic abundance. The extended P enhancement in M/M core = 0.55 to 0.73 is the result of hydrostatic burning in pre-SN, whereas the bump at M/M core ∼ 0.5 is due to explosive burning during the explosion. The knots that we observed are probably from somewhere in the oxygen-rich layer. It is, however, difficult to precisely determine the knots' original positions in the progenitor star from the comparison of the measured P/Fe ratio with the model prediction because the local X(P/Fe) are very much model-dependent ( Fig. 4B ) and subject to further modifications owing to the Rayleigh-Taylor instability during the explosion (17) . We instead assumed that the knots have been expanding freely, with an expansion rate of 2800 km s −1 pc −1 (18) . We then converted the obtained space velocities to mass coordinates using the ejecta velocity profile of a 15 M ⊙ SN IIb model (19) scaled to the chemical structure of the model in Fig. 4 (16) . The resulting mass coordinates have considerable uncertainties because of model-dependency but provide rough locations of the knots (Fig. 4B ).
X(P/Fe) of the [P II] line-emitting ejecta knots fall into the X(P/Fe) range of the oxygenrich layer in the model, whereas the X(P/Fe) of the "pure" Fe knots are often less than the cosmic abundance (Fig. 4B) . The fact that the circumstellar knots have X(P/Fe) close to the cosmic abundance-X(P/Fe) ∼ 2X ⊙ (P/Fe)-gives confidence in the derived X(P/Fe) in the core. The extended X(P/Fe) range over nearly two orders of magnitude may be explained by the hydrodynamic chemical mixing during the SN explosion. But, our result does not support a complete mixing of the core below the He-rich layer because in such a case, X(P/Fe) will be much lower as marked by the brown arrow in Fig. 4B ; the available yields in the literature imply X(P/Fe)=0.01 to 0.05 for a SN of 15 to 25 M ⊙ (4, 16, 20, 21) , which is represented by the solid part of the arrow, or 0.01 to 0.15 when the unusually high P yield of the 20 M ⊙ model of (16) is included. The detection of P-depleted, pure Fe material probably produced in the innermost, complete Si-burning layer also indicates that these dense SN ejecta materials largely retain their original abundance.
The high X(P/Fe) ratio, in principle, could also result from the depletion of Fe in the gas phase if Fe atoms are locked in dust grains. In Cas A, a substantial amount (∼ 0.1 M ⊙ ) of newly formed dust grains in the SN ejecta has been indeed detected (22) (23) (24) . But, they are most likely silicate dust, with only 1% of Fe in the form of FeS (25) . Also, the fact that [P II] lines in the SN ejecta are much stronger than in the circumstellar knots ( Fig. 2) is best explained by the enhanced abundance of P rather than by the depletion of Fe onto dust. For the data reduction, we followed the standard procedure of pre-processing including dark subtraction, flat-fielding correction, and bad pixel removal. We then obtained wavelength solutions using the OH airglow emission lines in the band, and corrected the wavelength to the heliocentric reference frame. The sky background including OH lines were subtracted out as much as possible 1 
S2. Abundance analysis of [P II] and [Fe II] emission lines
In this section, we describe the basic properties of the forbidden lines that we use in our analysis and how we analyze them to derive the abundance ratios.
Near-infrared forbidden lines of P + and Fe

+
The lines that we use in our analysis are the forbidden lines from P II and Fe II. The energy level diagrams of the ground terms of these ions are shown in Fig. S2 . P II is a p 2 -ion and has three low-lying terms. The ground term ( 3 P ) is split into three fine-structure levels, and the transition from 1 D 2 to these levels produces three lines in the NIR band. Their wavelengths are 1.18861, 1.14713, and 1.12583 µm, and, using the Einstein coefficients in Table S2 , their intensity ratios are 1 : 0.380 : 1.37 × 10 −4 . We use the dominant 1.18861 µm line in our analysis. Fe II has four ground terms, each of which has closely-spaced 3-5 levels to form a 16 level system.
The transitions among these levels produce many lines that appear in the near-to mid-infrared bands (36, 37) . The lines to be analyzed in this work are the 1.25702, 1.64400, and 1.67734 µm lines. The first two lines are the two strongest [Fe II] lines, and as we pointed out in section S1, their intrinsic ratio is constant (=1.36).
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In Fig. S2 , we also show the energy level diagram of S II for completeness. The transitions among the fine structure levels 2 P 3/2,1/2 and 2 D 5/2,3/2 produce four adjacent forbidden lines, the strongest of which is the 1.032 µm line (see Fig. S1 ). (Table S2) , and we can derive a reliable abundance ratio using these two lines.
Formulation of abundance analysis
The general expression for the flux (erg cm −2 s −1 ) of an optically thin, ionic spectral line from a knot is given by the integration of surface brightness (I 21 ) over the solid angle of the source:
where N 2 is the number of ions in the upper state, N Z the total number of element Z, f ion (≡ N ion /N Z ) the fractional ionization of the element, f 2 (≡ N 2 /N ion ) the fractional population of the upper level, and d the distance to the source. This, together with the line parameters in Table S2, gives the flux ratio of the [P II] 1.189 µm line to the [Fe II] 1.257 µm line
where X(P/Fe) ≡ N P /N Fe is the abundance ratio that we intend to obtain.
The fractional population of the upper level (f 2 ) can be calculated for given n e and T e by solving rate equations. When the density is low, collisional excitation and de-excitation are negli-gible compared to spontaneous radiative transition, and vice versa. For level i, the critical density can be defined by (38) 
where ΣC ij is the collisional (de-)excitation coefficient averaged over a Maxwellian-velocity distribution at temperature T e . In terms of the dimensionless collision strength Ω 21 , the excitation and de-excitation coefficients are given by
Ω 21 weakly depends on temperature. For Maxwellian-averaged collision strengths for electronimpact excitation, we use the results of (39) and (40) at T e = 10, 000 K (Table S2 ).
The fractional ionization cannot be estimated easily. In collisional ionization equilibrium, the P II and Fe II fractions peak near unity at 16,000 and 13,000 K, respectively. The ionization fraction curves are similar with a slight shift in temperature. In shocked gas, however, the ionization curves are affected by time-dependent ionization and photoionization, so that the fractional ionization could be far from the equilibrium value. In the next section, we discuss the structure of shocked SN ejecta, and develop a simple model for the abundance analysis.
[P II] and [Fe II] emission from shocked SN ejecta
The physical structure of shocked SN ejecta has been discussed in several previous studies (41) (42) (43) (44) (45) (46) . A noticeable characteristic of the shocks propagating into SN ejecta composed of calculation is done by using a shock code developed for SN ejecta (45, 47, 48) with updated atomic constants for phosphorus.
heavy elements is the strong cooling that occurs before the ions achieve equilibrium ionization states. This is shown in Fig. S3 , where we plot the temperature and density profiles (top frame) and ionization fraction profiles of phosphorus and iron (bottom frame) of a 'typical' dense SN ejecta knot swept up by a reverse shock. Note that there is an extended "temperature plateau" region where electrons are at temperatures much lower than those of the ions. For the electron gas 8 in this region, the heating by Coulomb collisions with ions balances with the cooling by the collisional excitation and ionization of the ions. As the electron density increases, the cooling becomes efficient and the electron and ion temperatures drop, which happens in a very narrow region. In the plateau region, both phosphorus and iron atoms are mostly in singly ionized states, ionized by the Galactic background radiation field, i.e., f PII ≈ f FeII ≈ 1. In the cooling region, these fractions decrease as the ions become more highly ionized by electron collisions.
The [P II] and [Fe II] emission lines originate from both the temperature plateau and the cooling regions. The cooling region is very thin and the fractions of the singly ionized ions are low, but these are compensated by the increase in electron density, so that, depending on shock speed, preshock density, and chemical composition, the emission from the cooling region can dominate.
In principle, there could be some emission from the preshock region photoionized by the shock radiation (43, 44, 46) , but in the Cas A knots the observed high electron densities (3 × 10 3 -2 × 10 In SN ejecta swept-up by a reverse shock, it is likely that a wide range of preshock densities and also a wide range of shock speeds are present (44, 45) . We ran a grid of models and have found that, in order to match the observed [Fe II] line ratios, the shock speed should be < ∼ 50 km s −1 and the preshock densities should be > ∼ 100 cm −3 . For such slow shocks in dense SN ejecta, a simple model where the emitting region is at T e = 10, 000 K and has an uniform density (determined from the [Fe II] line ratios) with f PII /f FeII = 1 yields P/Fe abundance ratio accurate to within 9 about 30%. For example, the assumed X(P/Fe) in the model used in Fig. S3 16.19 eV for II→III, so that the two lines are emitted from nearly the same spatial volume as we see in Fig. S3 . Therefore, we can obtain a reliable estimate of the abundance ratio X(P/Fe) from a simple model. Note that this simple model is also applicable for the circumstellar knots of normal chemical composition where the emission is from dense, cooling regions. for the range of the electron densities of the Cas A knots, the flux ratio can be written as (11) 158 (8) 117 (3) 22 (2) Note. -Columns 1-5 present slit number, knot number, angular size along the slit (l), radial velocity 
